ABSTRACT-The relaxation of aortic rings in response to acetylcholine (ACh) was significantly decreased in cholesterol-fed mice. The attenuated relaxation in cholesterol-fed mice was preserved by the chronic administration of prazosin (20 mg/kg/day) or pravastatin (12.5 mg/kg/day). Serum low-density lipoprotein (LDL) levels were significantly increased in mice given cholesterol. The increased serum LDL levels in cholesterol-fed mice were returned to normal by the chronic administration of prazosin and pravastatin. A prior incubation of aortic rings with lysophosphatidylcholine (LPC) significantly attenuated ACh and A23187-induced endothelium-dependent relaxation. The inhibitory effects of LPC on endothelium-depend ent relaxation were not affected by indomethacin or superoxide dismutase. The sodium nitroprusside-in duced relaxation of aortic rings was not changed by LPC. The inhibitory effects on ACh-induced relaxation by Nc-monomethyl-L-arginine were restored by a prior exposure to L-arginine, whereas the inhibition of endothelium-dependent relaxation by LPC was not affected by L-arginine. These results suggest that cho lesterol-fed mice are useful animal models of hypercholesterolemia, and chronic administration of prazosin or pravastatin can preserve endothelium-dependent relaxation by lowering serum LDL in these animals. It is further suggested that LPC derived from oxidized LDL may be involved in the reduced endothelium dependent relaxation in hyperlipidemia.
Impaired
endothelium-dependent relaxations in atherosclerosis have been found in the rabbit aorta (1-3), monkey iliac artery (4), pig coronary artery (5, 6), as well as the human coronary artery in vitro (2, 7) and in vivo (8). In contrast, there is little information concerning the endothelium-dependent relaxation response to acetyl choline (ACh) in cholesterol-fed mice. The impairment of endothelium-dependent relaxation is thought to play an important role in the pathogenesis of coronary spasm. Oxidative modification of low-density lipoprotein (LDL) cholesterol by the endothelium is thought to be an im portant step in the initiation of atherosclerosis (9-11). Oxidized LDL cholesterol impairs endothelium-depend ent relaxation in isolated arteries (12, 13) . This inhibi tory effect, which is not shared with native LDL, is mediated by lysophosphatidylcholine (LPC) (12, (14) (15) (16) (17) . Cholesterol is synthesized from acetyl-CoA via a series of over twenty enzymatic reactions. The major rate-limit ing step in this pathway is regulated by the activity of the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reduc tase (HMG-CoA reductase), which catalyzes the conver sion of HMG-CoA to mevalonic acid (18). Pravastatin and prazosin are inhibitors of HMG-CoA reductase (19) (20) (21) (22) (23) (24) (25) .
The purpose of the present study was to define the relationship between serum LDL levels and endothelial dysfunction in cholesterol-fed mice. We further studied the effects of cholesterol-lowering drugs on the endo thelium-dependent relaxation of aortic rings in response to ACh or the Ca ionophore A23187 in cholesterol-fed mice.
MATERIALS AND METHODS

Animals
Male ICR (Institute of Cancer Research) mice, aged 5 weeks and weighing 27.8 ± 1.4 g, were housed under con stant climatic conditions (temperature of 21'C -22C, relative air humidity of 50±5%). The mice were pur chased from Tokyo Laboratory Animals Co., Ltd.
(Tokyo). The diets and water were given ad libitum to all animals. This study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals adopted by the Committee on the Care and Use of Laboratory Animals of Hoshi University, which is ac credited by the Ministry of Education, Science, Sports and Culture, Japan.
Experimental design
Mice were randomly divided into two groups. Control mice received a standard mouse diet, and cholesterol-fed mice received a diet supplemented with 2% cholesterol (wt/wt) and 0.5% cholic acid (wt/wt). This feeding pro gram was adhered to for 10 weeks. The cholesterol diet markedly increased the serum levels of total cholesterol from 119.4±8.1 to 215.5±13.8 mg/dl (PG0.01, n=14). Cholesterol-fed mice received saline, pravastatin (12.5 mg/kg, p.o., daily for 10 weeks) or prazosin (20 mg/kg, p.o., daily for 10 weeks).
Measurement of isometric force
After 10 weeks of dietary intervention, the control and cholesterol-fed mice were anesthetized with ether, a mid line incision was made, and blood was obtained from the abdominal aorta. The blood was centrifuged at 3000 rpm for 10 min at 41C, and the plasma was isolated and stored at -80'C. After the bleeding, the aorta was rapidly dis sected and placed in ice-cold modified Krebs-Henseleit solution (KHS, composition: 118 mM NaCI, 4.7 mM KCI, 25.0 mM NaHCO3i 1.8 mM CaC12, 1.2 mM NaH2PO4, 1.2 mM MgSO4i 11.0 mM dextrose). Each aorta was separated from the surrounding connective tissue and cut into rings (3-mm-long). Special care was taken not to damage the endothelium. The rings were then suspended in organ bath chambers, between a clip and a force-dis placement transducer (TB-611T; Nihon Kohden, Tokyo) by means of two stainless steel wires inserted into the lumen, under a resting tension of 1.5 g (preliminary determined to be optimum), to measure isometric force. The organ chamber was filled with 10 ml of KHS at 37V and gassed with 95 % 02 5 % CO2. Following a 1-hr equilibration period, prostaglandin F2a (PGF2a) was added to the organ bath at a concentration high enough (10-6-3 x 10-6 M) to induce ring contraction. After the PGF2a-induced contraction reached a plateau, 10-5 M ACh was added to the organ bath to confirm the integrity of the endothelium. The mice aortic rings were complete ly relaxed at this concentration of ACh. The removal of endothelial cells by rubbing was confirmed by the fact that tonic contraction of the aortic ring by PGF2a was not affected by ACh. The effects of drugs were then tested.
The tissue was allowed to relax and equilibrate for 40 min before the next application of drugs. Because the maxi mal contraction of aortic rings in response to PGF2a was enhanced significantly in cholesterol-fed mice, for the relaxation studies aortic rings were precontracted with an equieffective concentration of 10-6 to 3 x 10-6 M PGF2a so that the rings would register a development of tension of approximately 860 mg from age-matched control and cholesterol-fed mice. To obtain the tension of approxi mately 860 mg, PGF2a (10-6-3 x 10-6 M) was added to the bath cumulatively. When the PGF2a-induced contrac tion reached a plateau, relaxant agents were added in a cumulative manner. To examine ACh-induced relaxation in the presence of Nc-monomethyl-L-arginine (L-NMMA) or LPC, the aortic rings were exposed to L-NMMA or LPC for 30 min, and then ACh was cumulatively added to the bath. The relaxation in response to each agent was expressed as the percentage of decreased tension of con tractile force induced by 10-6 to 3 x 10-6 M PGF2a.
Measurement of serum cholesterol
Serum cholesterol levels were determined mercially available enzyme kit (Wako Pure Industries, Osaka). PGF2a was purchased from Ono Pharmaceutical Co., Ltd. (Osaka). LPC was dissolved in ethanol and stored at -20'C . On the day of use, the ethanol was evaporated and replaced with 0.9% saline. A23187 was dissolved in DMSO. The final concentration of DMSO in the organ bath was 0.1%, which had no effect on contraction or relaxation. PGF2ai L-NMMA, L-arginine indomethacin and SOD were dissolved in 0.9% saline immediately be fore each experiment. Concentrations are expressed as the final concentration of each drug in the organ bath.
Statistics
Data are expressed as means ± S.E. Statistical differ ences were measured by Student's t-test for unpaired obser vations, following one-way analysis of variance.
RESULTS
Relaxation in response to A Ch or SNP in the aortas from control and cholesterol fed mice The body weight of the mice in the two groups was similar at the start of the experiment (control, 27.7±2.1 g; cholesterol-fed group, 27.9±2.3 g), and the rate of weight gain was similar in these groups. The serum cho lesterol levels were also similar in the two groups at the start of the experiments (control, 117.1 ±7.8 mg/dl; cho lesterol-fed group, 119.4±8.1 mg/dl). The control group did not show any change in serum cholesterol over 10 weeks, but the cholesterol-fed group had significantly elevated serum cholesterol levels (control, 125.9±3.4 mg/dl; cholesterol-fed group, 215.5 ± 13.8 mg/dl; P<0.01, n=30).
In aortic rings from the control mice, ACh (10-9 10-5M) caused concentration-dependent relaxation, reaching a maximum at 10-5 M (Fig. 1 ). The relaxation caused by ACh was significantly decreased in rings from mice that received the cholesterol-rich diet (Fig. 1) . After chronic administration with pravastatin (12.5 mg/kg, p.o., daily for 10 weeks) or prazosin (20 mg/kg, p.o., daily for 10 weeks), aortic rings from the cholesterol-fed mice relaxed in a normal response to ACh (Fig. 2) . Fig. 1 . Concentration-response curves of acetylcholine (ACh)-in duced relaxation of aortic rings obtained from age-matched control and cholesterol-fed mice. The aortic rings were contracted with 10-6 to 3 x 10-6 M PGF2a. Open circles: control mice; solid circles: cholesterol-fed mice. The ordinate scale shows the relaxation of aortic rings as a percentage of the contraction induced by 10-6 to 3 x 10-6 M PGF2a. Each data point on the graph represents the mean±S.E.
of six experiments; the vertical lines indicate the S.E. and are only included when they exceeded the dimensions of the symbols used. *P<0.05, **P<0.01. Fig. 2 . Concentration-response curves of acetylcholine (ACh)-in duced relaxation of aortic rings obtained from age-matched control, cholesterol-fed mice and cholesterol-fed mice that had been given pravastatin or prazosin. The aortic rings were contracted with 10-6 to 3 x 10-6 M PGF2a. Open circles: control mice; solid circles: cho lesterol-fed mice; solid squares: cholesterol-fed, pravastatin-treated mice; solid triangles: cholesterol-fed, prazosin-treated mice. The or dinate scale shows the relaxation of aortic rings as a percentage of the contraction induced by 10-6 to 3 x 10-6 M PGF2,. Each data point on the graph represents the mean±S.E. of six experiments; the vertical lines indicate the S.E. and are only included when they ex ceeded the dimensions of the symbols used. *P<0.05, **P<0.01. Treating the control mice with pravastatin or prazosin had no significant effect on relaxation caused by ACh (Table 1 ). The relaxation caused by SNP (10-9-10-5 M)
was not significantly different in aortic rings from the different groups (Fig. 3) . Treating control mice with pravastatin or prazosin had no significant effect on the relaxation caused by SNP (Table 1) .
Effects of chronic administration of pravastatin or prazosin on serum cholesterol level In mice that received the cholesterol-rich diet for 10 weeks, serum total cholesterol and LDL levels were sig nificantly increased (Fig. 4) .
Chronic administration of pravastatin (12.5 mg/kg, p.o., daily for 10 weeks) or prazosin (20 mg/kg, p.o., daily for 10 weeks) significantly reduced the total choles terol and LDL levels in cholesterol-fed mice as shown in Fig. 4 . Effects of LPC and L-NMMA on ACh-, A23187 and SNP-induced relaxations LPC and L-NMMA did not affect the resting tonus of mouse aortic rings. After exposure to LPC (5 pg/m1) for 30 min, ACh-induced relaxation was significantly decreased in control mice (Fig. 5) . The decreased ACh induced relaxation was not changed by co-incubation with 10-2 M L-arginine (Fig. 5) . The ACh-induced con centration-dependent relaxation of control mouse aortic (Fig. 6) . However, the decreased ACh-induced relaxation was restored by a combined incubation with 10-4 M L-NMMA and 10-2 M L-arginine (Fig. 6) . The decreased ACh-induced relaxa tion of aortic rings by LPC was not affected by 10-5 M indomethacin and 200 units/ml SOD (Fig. 7) .
A prior incubation with L-NMMA (10-4 M) or LPC (5 pg/ml) markedly inhibited the A23187-induced relaxa tion of control mice aortic rings (Fig. 8) .
A prior incubation with LPC (5 ,ig/ml) had no sig nificant effect on SNP-induced relaxation (Fig. 9) . A reduction in the release of endothelium-derived relaxing factor from the vascular endothelium or a decrease in endothelium-dependent relaxation has been demonstrated in vascular tissue obtained from choles terol-fed rabbits and in human atherosclerotic coronary arteries (1-7). Consistent with these findings, we found that ACh-induced endothelium-dependent relaxation was significantly attenuated in cholesterol-fed mice. Since the endothelium-independent relaxation of mouse aortic rings by SNP was not changed in cholesterol-fed mice, the activity of guanylate cyclase in the smooth muscle of the aorta was not altered. These results suggest that the mouse is also useful as an animal model of hypercholes terolemia.
The inhibitory effects of pravastatin on HMG CoA reductase are well-documented (19, 20) . Long-term ex posure to pravastatin reduces LDL cholesterol concen trations (26). Lowering cholesterol with lovastatin sig nificantly improves endothelium-mediated responses in the coronary arteries of patients with atherosclerosis (27). Such improvement in the local regulation of coronary arterial tone could relieve ischemic symptoms and signal the stabilization of atherosclerotic plaques. It has been reported that a-blockers lower serum cholesterol levels by inhibiting the activity of HMG-CoA in the liver (21-25). Although HMG CoA reductase inhibitors (pravastatin or prazosin) have a beneficial effect on lipids, there are few reports concerning the positive effects of these agents on endothelial dysfunction in cholesterolemia after the chronic administration of these agents in animals. In cholesterol-fed mice, serum total cholesterol and LDL cholesterol levels were significantly increased, and the increased cholesterol levels were normalized by the chronic administration of pravastatin or prazosin. The endothelium-dependent relaxation of aortic rings in response to ACh was significantly attenuated in choles terol-fed mice, and the impaired endothelium-dependent relaxation was restored by chronic administration of pravastatin or prazosin. These results suggest that endo thelial dysfunction in cholesterol-fed mice is due to the increased LDL, and that the endothelium-dependent relaxation may be preserved by the chronic administra tion of pravastatin or prazosin, at least in part, through lowering the serum LDL levels. An endothelium dysfunction is intimately involved in the pathogenesis of atherosclerosis (28-30). The oxida tive modification of LDL cholesterol by the endothelium is thought to be an important step in the alteration of various endothelial functions (12, 13) and the initiation of atherosclerosis (31). LPC, which is transferred from oxi dized LDL to the endothelial surface membrane, is in volved in the mechanisms of the endothelial functional alterations caused by oxidized LDL (12, 15 -17) . In the present study, we confirmed that the endothelium-depend ent relaxation of aortic rings in response to ACh or A23187 were significantly attenuated by LPC. Since A23187-induced relaxation was reduced by LPC, the im pairment of endothelium-dependent relaxation by LPC is not muscarinic receptor antagonistic action. L-NMMA, an inhibitor of nitric oxide (NO) synthase, also effectively inhibited the ACh-induced relaxation responses. The inhibitory effect of L-NMMA on ACh-induced relaxation was reversed by co-administration of L-arginine. In con trast to L-NMMA, the inhibition of ACh-induced relaxa tion by LPC was not reversed by co-administration of L arginine, suggesting that the inhibitory effect of LPC on ACh-induced relaxation is not due to impaired NO syn thase activity. We found that the inhibitory effect of LPC on ACh-induced relaxation was not affected by indo methacin or SOD, ruling out the prostanoids or super oxide anions.
LPC in oxidized LDL is transferred and incorporated into the endothelial surface membrane in an apoprotein independent manner (12, 32, 33) . LPC is a by-product of cholesterol esterification and is formed during oxidation of LDL (14, 34) . In cholesterol-fed animals, LPC ac cumulates in the vessel wall (35, 36) , and LPC has been found in atherosclerotic vascular lesions in human (36). The levels of LPC in human atherosclerotic lesions are similar to those used in the present experiments, although the intracellular concentration is not precisely known. Considerable evidence suggests that the activation of pro tein kinase C by phorbol esters inhibits the endothelium dependent vasodilation induced by agonists (37-42). Therefore, the release of LPC from oxidized LDL must play an important role in endothelial function. If so, the following sequence of events occured in cholesterol-fed mice: serum LDL levels are increased in cholesterol-fed mice; increased LDL is oxidized on the endothelium; LPC is transferred from oxidized LDL; LPC may acti vate protein kinase C; activated protein kinase C may in hibit the endothelium-dependent vasodilation induced by agonists, thereby resulting in endothelial dysfunction in cholesterol-fed mice. In the present study, the chronic administration of pravastatin or prazosin significantly lowered serum LDL levels. This cholesterol-lowering effect of pravastatin or prazosin may improve the endo thelium-dependent relaxation. 79, 170-174 (1987) 3 Jayakody L, Senarine M, Thomoson A and Kappagoda T:
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